Abstract: Infrared J and K photometry has been obtained of all red giants in the half square degree region of the LMC bar searched for variables using the MACHO database by . The K-log P diagram shows the five distinct period-luminosity sequences which are also evident in the MACHO photometry. The K-log P plot allows identification of the Mira sequence from among the five observed sequences. As shown in , comparison of observed periods, luminosities and period ratios with theoretical models identifies Miras unambiguously as radial fundamental mode pulsators, while semi-regular variables can be pulsating in the first, second or third overtone, or even the fundamental mode. All these variables lie on just three of the five distinct sequences, and they all appear to be on the AGB. The nature of the variability of stars on the other two sequences is currently unknown. Possibilities include contact and semi-detached binaries, rotating stars with giant star spots, episodic dust formation, rotationally stabilised non-radial g − modes and strange pulsation modes caused by convection-pulsation interaction. These possibilities are discussed.
Introduction
Red giant stars are probably the least understood of all variable stars. Although o Ceti (Mira) was the first recorded pulsating star, and the Miras have by far the largest visual amplitudes of any class of pulsating star, even the mode of pulsation of these stars has remained a topic of controversy (e.g. Wood 1995; Bedding et al. 1998) . All this has changed with the arrival of the MACHO survey of variable stars in the LMC: some problems have been solved, but unexpected new ones have turned up. In this paper, the results of the study of a complete sample of red giant stars in a 0 · 5×0 · 5 degree area of the LMC bar are discussed. A more detailed description of the MACHO data is given in and Alcock et al. (2000) .
Observed Period-Luminosity Sequences
Infrared photometry in J and K was obtained on 7 December 1995 for all the giant stars in the half degree study area using the infrared camera CASPIR (McGregor et al. 1994 ) on the 2 · 3 m telescope of the Australian National University. The K magnitudes from these observations were combined with the periods of the variables obtained from MACHO data (Alcock et al. 2000) and plotted in the (K, log P ) plane in Figure 1 . Measurement errors in K are estimated to be less than 0 · 03 magnitudes. Since the K magnitudes are single-phase measurements, there will be a scatter introduced by variability of the stars. For the Mira variables, which are the largest amplitude long-period variables (LPVs), the total K amplitude is ∼0 · 6 mag. on average (Feast et al. 1982; Wood et al. 1983 ) so that the individual K measurements for these stars might be expected to deviate from the mean by up to 0 · 3 magnitudes. For non-Mira LPVs, which have smaller amplitudes (see below), the deviations from the mean magnitude should be much less.
It has been known for many years that the Mira variables in the LMC lie on a single PL sequence in the (K, log P ) plane (Feast et al. 1989; Hughes and Wood 1990) . Furthermore, Wood and Sebo (1996) had found evidence for a second sequence at shorter periods [Bedding and Zijlstra (1998) have shown that the second sequence also appears to exist among the local semi-regular variables]. The Mira sequences of Feast et al. (1989) and Hughes and Wood (1990) are shown in Figure 1 and they clearly correspond with the sequence labelled C. The largest amplitude variables also lie on sequence C, providing more evidence that these stars are Mira variables. The second sequence of Wood and Sebo Hughes & Wood (1990) and Feast et al. (1989) respectively. Solid circles correspond to stars with J-K > 1·4 and they are assumed to be carbon stars. Other stars are assumed to be oxygen-rich M or K stars.
(1996) corresponds to the sequence labelled B in Figure 1 . These stars are of smaller amplitude than many of those on sequence C and would be known as semi-regular (SR) variables in our Galaxy. Note, however, that many of the stars on sequence C are also of relatively small amplitude (<1 · 5 mag. in V ) and would also be classified locally as SR variables. The stars of sequence A are of very low amplitude (<0 · 2 mag.) and would probably be classified locally as SARVs (small amplitude red variables): these stars were not previously known to fall on a well-defined PL sequence. In summary, the new MACHO data clearly highlight the previously-known PL sequences and show several additional sequences. Wood & Sebo (1996) and have compared the observed PL relations with theoretical relations expected for radially pulsating asymptotic giant branch (AGB) stars. The comparisons show that sequence C (the Mira sequence) corresponds to pulsation in the fundamental mode while sequences B and C correspond to pulsation in the first, second and third overtones. A problem with these comparisons is that the effective temperatures (radii) of LPVs are poorly known so that it may be possible to fit a given pulsation mode to a different observed sequence by varying the assumed theoretical T ef f (this will change the radius and hence the pulsation period). overcame this problem by using the fact that many of the LPVs in the MACHO sample are multimode pulsators so that period ratios in these stars could be plotted against the longer period (the so-called Petersen diagram) and then compared to theory. The only possible combination of pulsation mode and observed sequence which fitted both the PL laws and the Petersen diagram was the combination described above. It therefore seems that the identification of the fundamental pulsation mode as the mode of the Mira variables is now secure. This then raises the question of why the directly observed radii of Miras (e.g. Haniff et al. 1995; van Belle et al. 1996) are so large. The answer to this question is not currently known.
The Pulsation Sequences
The most striking feature of Figure 1 is the group of four parallel period-luminosity (PL) sequences (A, B, C, D) brighter than K ∼ 13 and the sequence E which consists of stars on the first giant branch (it also has an extension between sequences C and D-see ).
Interpreting the Non-pulsation Sequences
Adiabatic pulsation theory tells us that there is no mode of radial pulsation with a period longer that that of the fundamental mode. In Figure 1 it can be seen that the stars on sequence D have periods approximately 3-4 times longer than those of sequence C. Clearly, if it is accepted that sequence C corresponds to the fundamental radial pulsation mode, then the variability on sequence D cannot be attributed to radial pulsation.
Some examples of light curves of stars on sequence D are given in . The oscillation period that fits sequence D is always a long secondary period (LSP), where the primary period usually falls on sequence B. The LSP amplitudes can be large, up to a factor of 2 in light output in the two MACHO bandpasses. The large amplitudes suggest that an explanation in terms of non-radial pulsation is unlikely (g modes could, in principle, have periods of the observed length). Similarly, although episodic dust formation of the type found by Winters et al. (1994) and Höfner et al. (1995) could cause the variability observed on sequence D, most of the stars on this sequence are of relatively low luminosity and are not expected to have the high mass loss rates and dust-laden winds required for this process to occur. A third possible cause of the LSPs is rotation of red giants with a giant star spot. Once again, it seems difficult to image a spot sufficiently large to cause light variation by a factor of 2, and it is not clear why the rotation period should be such as to cause the observed period-luminosity law.
At this stage, there are two seemingly plausible explanations for the LSPs on sequence D: binarity and strange pulsation modes. In the binary scenario, have shown that an orbiting companion at about two stellar radii from the red giant will have a period very similar to that observed in these stars. In order to produce the observed variability, the orbiting companion would need to carry along with it a large, loosely-bound, comet-like cloud which would partially obscure the red giant once per orbital period. The observational test of this scenario is to look for orbital radial velocity variations of the stars with LSPs. This is currently being done with 2dF on the AAT and it is estimated that companions with masses down to a few tenths of a solar mass should be detectable with these data. The results of this search for orbital velocity variations should be known by the end of this (second) millennium! The second plausible mechanism for the production of the LSPs is stellar oscillation caused by a newlydiscovered interaction of convection and pulsation. A study of the linear, non-adiabatic pulsation of red giants has shown the existence of a family of modes with just the periods observed on sequence D ). An investigation of the origin of these modes showed that they are a completely new type of oscillatory thermal mode caused by convection-pulsation interaction. The position of the eigenvalues ω of these convection-induced oscillatory thermal (COT) modes in the complex plane is shown in Figure 2 , where a time dependence exp ωt has been assumed. Clearly, the frequencies of the COT modes (given by the imaginary part of ω) are similar to those required to explain the LSPs. However, the extremely large damping of the modes (given by the real part of ω) means that the COT modes found in these models will never be seen.
The treatment of convection-pulsation interaction used in the current models is very simplistic (it is based on mixing-length theory). It is not inconceivable that a proper treatment of convection-pulsation interaction could lead to unstable modes that could explain the LSPs. Why such modes should be seen in only 25% of AGB stars would then need to be answered. [Note: 25% is the percentage of LMC AGB variables that show LSPs; the LSPs also occur in local semi-regular variables (Houck 1963 ) but the percentage of local semi-regulars that show LSPs is not known because extended and high quality light curves are needed to find LSPs.] The final sequence of stars in Figure 1 is sequence E. The stars on this sequence belong to the first giant branch (FGB) rather than the AGB. They can be picked out from a sample of LPVs by the regularity of their light curves, which are also of small amplitude (mostly less than a few tenths of a magnitude). Some examples are shown in . A clue to the cause of the variability of these objects is provided by the fact that a few of them have light curves very similar to those of close eclipsing binaries or contact binaries. In addition, the periods are consistent with the orbital periods expected for contact binaries at the tip of the FGB. Once again, the 2dF observations of radial velocity variations should be able to confirm or refute this explanation for the origin of the variability of stars on sequence E.
